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Abstract— The long-term reliability of power modules is a
key factor for most of power electronics applicatios. Previous
work was dedicated to the online monitoring of juntion
temperature of SiC power MOSFETSs via on-state resistece
measurement. Among several advantages, temperature
monitoring avoids the components failure due to inantaneous
thermal overstress. Moreover, as the on resistan¢ends to grow
with the age of the component, temperature monitorig
inherently behaves as a precursor of failure, becae
temperature will be overestimated progressively thoughout the
lifetime of the component. In this paper the systeatic detection
of aging of the power semiconductors is proposed;jlsusing the
direct measurement of the on-state resistance. A wejoint
methodology is proposed, based on the initial comssioning of
the module both for temperature monitoring and agirg
evaluation. The identification and monitoring techngue is
tested on a SiC MOSFET power module.

Keywords—on-resistance, forward voltage,
MOSFET, prognostics, aging, junction temperature maoiing,
TSEP.

I. INTRODUCTION

Power modules reliability is of paramount importarficr
the long-term reliability of power conversion syste and
actuators [1]. The adoption of power electronicvesters has

been growing tremendously in automotive and energy

conversion, as well as in aviation and medicaliappibns. In
all such fields the downtime due to failure mustbeided for
cost reasons and - or for aspects related to s&figtyl shows
that semiconductors are among the weakest parsodérn
power converters. In turn, while most of performatargets
of power converters such as efficiency and comeastrare
within reach, a lot of work is still to be done ceming their
reliability [2].

Different failure mechanisms can occur in a powe
module, for instance: bond wire fatigue, chip cragk
delamination at the interface between mold and eppmd
solder fatigue. The failure rate of power semicandrs is
closely related to their junction temperature dgioperations,
which is known very approximately. In most of cases
temperature sensor is placed within the power neajiving
a very rough underestimate of the devices tempreratu
Besides the maximum instantaneous junction temperat
also thermal cycling tends to stress the compaoaeshreduce
its lifetime in the long term. The ability to pedically monitor
health status of the devices can be crucial toargthe long-
term reliability of the converter and thereforetb& whole
system. Prognostics can be used to schedule aanairde
before a catastrophic breakdown occurs.
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Fig. 1. Failure distribution among major components [3].

According to the literature, health monitoring teitiues
can be split in three main families [5] - [6]:

1. Model-based techniques.

Techniques that requires dedicated sensors embéuded
the device.

Indirect techniques based on the monitoring of
electrical parameters or based on the evaluation of

thermal resistance networks.

The first family of techniques requires an intimate
knowledge of the physical structure of the powesicke This
permits to build arlectrothermal modelfor estimating the
temperature during the load cycles [7], and
thermomechanical model for estimating the mechanical
stress across the device due to temperature wasai8]. So
far, model-based techniques lack accuracy. Moreower
tests needed to identify the model parameterscamplex and

a

require a set of dedicated laboratory equipment.

The second family of techniques requires the use of
dedicated sensors embedded in the device: thibeaostly
and can perturbate the operating conditions ofithéce. In
turn, inserting a sensor inside a power module can
significantly affect its reliability.

Regarding the indirect techniques, gate thresholthge
and on-state resistance are universally acceptagliable
aging precursors. Moreover, other less conventional
parameters of the semiconductor can be used ashheal
indicators, like parasitic capacitances, gate wgelta
waveforms, switching waveforms [9] and thermal s&sices
within the module. This third family of techniqussiormally
preferred in a laboratory environment with dedidate
measurement equipment and controlled testing dondit



and it is hardly replicable for online evaluatidintioe device
state of health.

This paper presents a methodology for instantaneous
estimate of junction temperature and aging of SICSWETSs i
in a power module, using the online measuremettie¥on E
of one of the devices of the module. Using thetattes/oltage vpus’
of the component for estimating the junction terapee and J.* :
the aging are well known methodologies in the ditere [1], + TT |
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[4], [6], [9]-[11]. The paper illustrates a simptentification T
and monitoring methodology that is applicable tg kind of Y
power converter directly in-line, without dedicatatoratory
hardware or complicated data manipulation. The tjanc
temperature lookup table and one additidRal curve called
15A-commissioining in this example are identified at the 12 s
beginning of the life of the module and then usedunction
temperature and age estimation, respectively. fixeetal g 5 schematic diagram of the proposed setup: red dieantare
results are presented for SiC MOSFET module raﬁeé\,l variables measured by the embedded controller.

1200 V, before and after 15,000 thermal cycles.
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ll. TESTBED s J : B
The power section of the proposed setup is repartEit). sevpor (G| =l is, e
2. The custom Emipak 2B power module Fig. 3 is emted R kil 3 I

in H-bridge configuration, supplying a purely indive load. .
This mimics realistic operating conditions, whilesarbing a ([ | =
fraction of the converted power. The power modiude i =i :
monitored electrically and thermally: Fig. 2 showe
electrical quantities that are sampled from therogientroller

at each PWM period. The load current is closed loop
controlled by one leg of the module (LEG2), to immpdhe test
current level. The other leg (LEG1) is open-looptcolled at

a fixed duty-cycle, to mimic a constant voltagersetor load
(depending on the current direction). The 2-leg uedFig. Fig. 3. Layout of the power module. In green the two in&apacitors. In

3) has two embedded capacitors (green rectangtes), biue the embedded NTC resistor (labelled “Th) nueimg the DBC
minimize the stray inductance of the power loopd @me  temperature (courtesy of Vishay Semiconductorated).

embedded NTC thermistor, used for measuremeneddBC
(direct bonded copper) temperature. Table 1 reploetsatings
of the power module under test.

Table 1- Ratings of the power module

Data from datasheet

Rated Current (heatsink @ 80°C) 19A .
Breakdown voltage 1200V Fig. 4. Power module package.

Max Junction Temperature 175°C

Ron@ 25°C, 20 A 78 1©2

Embedded dc-link capacitors 2 x 47 nF

Although different modules from different manuiaetrs

where tested, this paper will refer to one manuf@etand one
size only, for brevity reasons. The setup depidteéfig. 5

consists of one control board on top, one powerdpkaced
on a heatsink and two gate driver boards in betw&ée

custom hardware is based on off-the-shelf compereamd an
industrial microcontroller. Four external resist¢vsible in £y 5 picture of the prototypal experimental setup.
Fig. 5) placed at the sides of the heatsink ard t@eheating

the baseplate of the module when necessary. A letttai

description of the hardware can be found in [15].




I1l. COMMISSIONING TESTPROCEDURE

A. Ron and Junction Temperature Map

B. Ronversus DBC Temperature at Fixed Current

The main contribution of this paper consists in the
additional commissioning part dedicated to agiragpostics.

The device SWI1L of the module (see Fig. 2) isRespect to previous work, the identification of Rag versus

preliminarily characterized. TheRon versus junction
temperature, and drain currerbs relationships are obtained
by imposing to the switch a series of current milseshort
duration and measuring the direct voltagey and DBC

DBC (not junction) temperature is included in thetial
commissioning sequence. This is done at constéeddyg
state current: this seconBon curve is measured at a
significant current level (15 A in the example)ridg each

temperature. The DBC temperature. measured via tHemperature step of the commissioning of the teaipes

embedded NTC thermistor showed in Fig. 3, represtm
junction temperature with negligible error, givere tshort
duration of the current pulses. The same currer$epu
sequence is repeated for different values of theC¥Be.
junction) temperature. The collected data poputatevo-
dimensional look-up-table, in the forfip as a function ofps

and Ron, then used for online temperature estimation, ag,

depicted in Fig. 10. The commissioning process ban
schematized as follows (details can be found if){13

1. The heatsink is heated until the NTC indicates ©45°
using the external resistors showed in Fig. 5.48°C

the resistors are turned off.

Twenty-eight current pulses from 1 Ato 28 A, 180
long, are imposed to the load (i.e. to the devite)ses
are separated by a wait time of 100 ms. Altoghetees,
sequence takes circa 3 seconds. The 28 values of
andVoy are logged and associated to the junction
temperature level 145°C.

The DBC temperature lowers naturally, helped by the
ventilation of the cooling fans. Every time the NTC
temperature measurement drops by 5°C, anothef set o
current pulses is imposed and logged (e.g. at 145°C
140°C, 135°C etc...).

The test stops when the heatsink reaches the room
temperature (25°C) or when cooling becomes too .slow
The total commissioning time for this prototype \#&s

minutes.
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the module.

during the initial mapping of

lookup table. Upon completion of the 28 short timdses

routine, the continuous load current of 15 A is asgd for 10

seconds. After 10 seconds, tReny and DBC temperature
values are logged and stored in a separate tailesenting

Ron (Ips = 15A, 9ppc) also calledl5A reference curve

Fig. 7 shows the log of one test sequence stattBi&
mperature of 35°C: the red samples are the dtadsed to
populate the 2-D junction temperature map, whettgablue
dots are the last ten samples of the 10 s steatkytsfst alps
=15 A, and relatedlon and temperature (sampling time is 100
us). The blue samples are averaged to constitut@aing of
the steady-stat®on curve, associated to the corresponding
DBC temperature (DBC temperature is 37°C in thargple,
as the 10s, 15 A pulse heats the DBC by 2°C inctise).

=
2 | T
— 10
ot
830 840 850  BeO  B70 880 890 900
samples a)
25
2
ZOLSE T
Z
o 1
>
0.5
() A " A A A A " "
830 840 850 860 870 880 890 Q00
samples b)
50
o 40
SR O S SO WS
QQ LT B B HE RS ——.
20
830 840 850 860 870 880 890 900
samples C)

Fig. 7. Impulsive current test for mappiin versus current and junction
temperature (red dots) aRdy versus DBC temperature at 15 A (blue).

C. Commissioning test results

The commissioning test can be summarized with the
flowchart of Fig. 8. Respect to the procedure priskin [13],
the 15A-commissioning is highlighted with a red hizd box
in Fig. 8. During each of the 10 s, 15 A currerdtge the
junction temperature can become significantly higlespect
to DBC temperature, in the order of 40°C more. Higher
current was used in place of 15 A the junction terature



would be even higher. For this reason, the 15A-ctsioming

is limited to the temperature regiah ;. < 85°C, so to
guarantee a suitable margin with respect to theirmax
allowed junction temperature of 175°C. It is unresey to
extend the DBC temperature range of this additiona
identification, as addressed later in the paper.
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Fig. 8. Commissioning test flowchart.

After the commissioning of the power module, the
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Fig. 10.Block diagram of the on-line temperature monitorsigitegy.
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Fig. 11. 15A-test commisioning resulf,y (Ips = 154, 9pgc)-

The resistance curi,y (Ips = 154, 9pp;) Showed in
Fig. 11 is the additional result of the commissignsession
This will be used to estimate the aging of the congmt, in
the idle time of the converter, as addressed irfat@wing.
As said, suci5A-commisioningwas performed in a limited
DBC temperature range, between 25°C and 85°C,tfw i
unnecessary (and dangerous) to run this idenfiicaat
higher temperatures.

IV. DEVICE PROGNOSTICS

obtained data are manipulated to build the junctiorf\: Accelerated Aging of the Power Module

temperature look-up-tab (Ips, Roy) Showed in Fig. 9.
This is used to estimate the junction temperatundewthe
converter is working with a PWM modulation, follovg the
scheme showed in Fig. 10.
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Fig. 9. Pulse current test resutlg (I, Roy).

To validate the proposed methodology, the modutietin
test needs to be subject to accelerated life tdateng many
possible techniqueshermal cycling was selected, as it is
recognized as one of the most effective regardiackage
related failure progress [1Rassive thermakycling consists
of imposing DBC temperature cycles through an estidneat
source, obtaining a very precise control of therswings.
However, this method does not reproduce the same
temperature gradient within the module typical die t
converter’'s operating conditions. A second methoaln as
active power cycling uses the converter’'s losses for self-
heating the power switches. Although the thermahgsvare
not controllable as accurately as in the formerecastive
cycling allows to obtain a more realistic temperatu
distribution, like during operation. Active poweyaling is
used in this work.

B. Ron before and after 15.000 thermal cycles

To perform active power cycling, the current of SW\Wias
controlled step-wise between 0 A and 21.5 A, wigledod of
4 s and a duty-cycle of 50%.



After 15,000 of such cycles (17 hours circa), thedaie
was characterized again, obtaining a new temperahap
¥; (Ips, Roy) and 15A curveR,y (Ips = 15A, Ippc) -
Having the new temperature map permits to evalintBon
increase after 15,000 cycles. Fig. 12 showsthgbefore and
after thermal cycling as a function of junction fErature, at

15 A. TheR,y increase is circa constant, independently from 4, .

the junction temperature, equal to 1.8m

Fig. 13 compares the 15A-commissioning results rieefo

and after aging, i.e. the dependencyrgf respect to DBC
temperature at 15 A. The clearance between thanddlue
curves in this case is amplified and not constémcathe
temperature axis. In turn, for the same DBC tentpezahe

Ron increase provokes a loss increase that reflectthen

junction temperature, further increasing the rasis¢ and
loss.
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Fig. 12.: Ron as a function of junction temperature at 15 A.
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Fig. 13.15A-test commisioning resulfg,y (I,s = 154, 9ppc)-

C. Effect of Aging on Temperature Monitoring
After aging, the online junction temperature moniitQ

becomes overestimated, if the initikdn map is still used for

temperature monitoring to be on the safe side ohing the
supervisory control about possible risk of overimgat
Moreover, the temperature estimation based on rheli
commissioning will become more and more pessimigithe
aging of the devices proceeds.

+4.5°C
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40
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time [s]

Fig. 14.Junction temperature estimation after 15,000 cyafg@sg.

D. Effect of Aging on Closed-Loop Temperature Lingtati

In Fig. 15 the online junction temperature estiomtis
used for the close-loop limitation of the junctiemperature.
The maximum reference current of the converteinisted
according to the estimated junction temperaturéndJthis
closed-loop temperature limitation technique, tifiect of
aging will be to over limit the converter’s currel@ading this
to progressively underperform. In this case, ther isbeing
made aware that the power module show signs ofagimd
can decide to run a new temperature commissioBstgad re-
establish the accurate temperature estimation.

In turn, although becoming progressively inaccyrtte
online temperature monitoring is inherently a preou of
failure, either in open- or closed-loop (Fig. 14ddfig. 15
respectively).

1501

jest '€
0(-1

[A]

- ~Oppc

100 iswiL
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time [s]

Fig. 15.Estimation and limitation of the junction temperatuThe black
dashed line represents the maximum allowable jotiémperature set by the

temperature estimation. Fig. 14 shows the junctiord*®"

temperature estimate of the aged component, duaritest
with a rectangular wave load current, using thdiahi

temperature map and the one re-evaluated after0Q5,0

thermal cycles. The output of the “after 15,000legd . UT”
(violet line) stands for the correct junction temgiare,
whereas the output of the initial look-up-tablec{@les LUT,
yellow line) overestimates the device temperatyré.6°C to
6°C in the conditions of this example.

E. Quick Test for Evaluation of Aging

As said, the aging effect is more evident when caning
the Ron versus DBC curveB,y (Ips = 154, Y9ppc), already
shown in Fig. 13 before and after aging. The formawe (in
blue) comes from the initial commissioning of thedule,
and it is used here as the benchmark of initieldibnditions.
The proposed quick test to evaluate aging is called15A-

Although theR,, increase due to aging and relatedtest’ after the “15A-commissioning described before.

temperature overestimate are modest, they allowetileime

During the idle time of the converter, the sameentrof 15 A



used for commissioning is imposed and B is sampled
after 10 s, as showed in Fig. 16 (red cross inhtbigom
subplot). This quick test refers to a DBC tempemtaf
around 58°C. The same red cross in Fig. 17 pusidence a
+5 mQ difference after 15,000 thermal cycles, with respe
the benchmark curve. Such +%difference before and after
aging is a very evident precursor of failure far thodule. The
quick 15A test can be performed any time betweanraimn
and operation,
temperature.
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Fig. 16.15A-test after 15,000 thermal cycles.
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not to make the evaluation Bfn too noisy and not too high
not to damage the module during the identification.

The 15A-test should be performed regularly througho
the life of the component, in the idle time of toaverter. The
starting heatsink temperature is not relevant, esitice
benchmark curve of Fig. 11 is known in a large esofDBC
temperatures.

independently from the current DBC The NTC thermistor embedded in the module provales

local measurement of the DBC temperature: in theluteo
under test the NTC is placed in the left lower eortiig. 3).
During the 15A-commissioning and 15A-test, the teragure
gradient across the DBC is not negligible. To ble &b use
the benchmark table profitably as in Fig. 17, itiandatory
to recreate the same temperature gradient acre$388, i.e.
the same test conditions. Power losses betweerfotlre
MOSFETs inside the power module, during the
15A-commissioning should be distributed likewise thsses
in the 15A-test. For example, if during the 15A-gnisioning
it is necessary to command duty LEG1=0 and duty2EG.1
to impose 15A to the load, also during the 15A-thsttwo
legs should work with analogous duty cycles.

The thermal connection with heatsink influences the
temperature distribution across the DBC duringtésés. For
this reason, it is important to have the same thempath
during both tests. Upon noticing a significant masom
between the 15A-test measurement and the benchrakrk
referred to healthy conditions, the user can eittemide to
stop the power converter for maintenance or tcarnaewRon
mapping of the module, for updating the junctiomperature
map.

According to [12] where the same module has bestade
a substantial increase in tRey value is expected before the
component fails, though not all failure mechanigrase the
same impact on the increaseRefv. For example, according
to [14], wire bonds’ damages will cause a relativiw
increase of the resistance of the component, bectney
constitute only a small part of the total ON remise.
Nevertheless, the proposed technique covers aetfailure
mechanisms which impact on the increasB#af

V. CONCLUSION

This paper demonstrates that inserting then

Fig. 17.: Roy (Ips = 154, 9ppc) after O thermal cycles vs current step test measurement on board of a power converter perntitghdy

after 15,000 thermal cycles.

F. Discussion About the 15 A Commissioning and Test

Fig. 16 shows the evolution 6f 5. during the 15A-test.
The 10 s duration of the test was chosen to enisat¢he first
thermal transient between junction and DBC is gxtished.
Two thermal time constants are noticeable: théirtihermal
transient that has a time constant of circa 1 mesents the
junction to DBC thermal transient. After 5 s frohetload
current step, this first transient is extinguished the junction
to DBC temperature difference can be considerestaady-
state. This explains why th&y is sampled after 10 s, both in
the initial identification and in the quick assessnof aging
during life.

The choice of the 15 A current amplitude is cire¥ tvay
respect to the 28 A range used for identificatibiine junction
temperature map. As a rule, this current shouldedbo low

dynamic online estimation of the junction temperatand the
assessment of the state of health of the powercéevihe
presented methodology is applicable to commercial
converters, provided that th@y measurement is embedded
inside the gate drivers with little impact on thestof the
components. The current weakness of the proposttbohes
that the initial commissioning tests rely on thegiee heating
of the heatsink, and that the heatsink temperasutaken to
high values, of the same order of the maximum jonct
temperature. Solutions using active heating andiced
heatsink temperature are currently under study sewm
feasible, although requiring a deeper understandinghe
physics of ON resistance variation. The ability'reeasure”
the health status of power semiconductors canfyutiie
additional cost that the converter or module mactufar
might sustain for inserting th&/on pick-up on board,
especially in all the applications that are sulgdcdo strict
safety regulations. The possibility to monitor amdline limit
the maximum junction temperature, joint to a pragito



capability can be of paramount importance for insieg the
power converters reliability. The presented progjnasethod

need further development: so far, it can indicla#e the health

status of the device has changed, without givingrecis

forecast of the residual

lifetime. Further testsll viie

conducted to investigate the impact of differentiufa

mechanisms have on tRen. It is also reasonable to suppose

that each families of devices will present peculi@haviours.
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